 Through the use of genome-wide association (GWAS) mapping it is possible to 17 establish the genetic basis of phenotypic trait variation. Our GWAS study presents the 18 first such an effort in Norway spruce (Picea abies (L). Karst.) for the traits related to 19 wood tracheid characteristics. 20  The study employed an exome capture genotyping approach that generated 178 101 21 high quality Single Nucleotide Polymorphisms (SNPs) from 40 018 probes within a 22  The results demonstrate feasibility of GWAS to identify novel candidate genes 35 controlling industrially-relevant tracheid traits in Norway spruce. The presence of many 36 traits with several significant QTLs supports the notion that the majority of these traits 37 are polygenic in nature. 38
population of 517 Norway spruce mother trees. We applied a LASSO based association 23 mapping method using a functional multi-locus mapping approach that utilizes latent 24 traits, with a stability selection probability method as the hypothesis testing approach to 25 determine significant Quantitative Trait Loci (QTLs). Expression of the identified 26 candidate genes was examined using publicly available spruce databases. 27  The analysis have provided 31 loci and 26 mostly novel candidate genes, majority of 28 which showing specific expression in wood-forming tissues or high ubiquitous 29 expression, potentially controlling tracheids dimensions, their cell wall thickness and 30 microfibril angle. Among most promising candidates, the analysis identified Picea 31 abies BIG GRAIN 2 (PabBG2) with predicted function in auxin transport and 32 sensitivity, and MA_373300g0010 -similar to wall-associated receptor kinases 33 (WAKs), both associated to cell wall thickness. 34
Introduction 40
Norway spruce is considered to be one of the most multipurpose species. Its wood provides 41 various solid wood products as well as pulp and paper products (Mäkinen et al., 2002) . It is 42 considered one of the best raw-materials for production of mechanical pulp for many types of 43 paper grades (Varhimo & Tuovinen, 1999) . The properties of the tracheids have large 44
influences on the quality of the final products, and also on process economy and sustainability, 45
for solid wood as well as fibre-based products. Tracheid morphology and cell wall structure 46 influence the flexibility of wood and fibres, interactions among fibres, as well as the 47 mechanical, physical and optical properties of the end-products (Brändström, 2002) . 48
Consequently, identifying the genetic background of different tracheid traits as a basis for 49 breeding may bring benefits for both industry and society. 50
Various long-term breeding programmes for the species are already being pursued with 51 the goal to identify genotypes with high productivity and wood quality (Hannrup et al., 2004) . 52
Wood density and microfibril angle (MFA) are key indicators of wood quality as they influence 53 strength and dimensional stability of solid wood (Yang & Evans, 2003) . However, combining 54 productivity with wood quality in Norway spruce is problematic due to negative genetic 55 correlations between these traits (Chen et al., 2014) . One of the tools helping to understand 56 these genetically complex variations in forest trees is the integration of extensive genetic and 57 phenotypic data in order to discern the genetics underlying these traits (Neale & Ingvarsson, 58 2008; A. J. Parchman et al., 2012) . Hence, knowing the genetic control of 59 these variations may lead to better control of the end products. 60
With genomic resources now available, a large array of molecular markers has been 61 availed for the studying and understanding of complex traits. The majoritiy of these traits are 62 known to be predominantly polygenic in nature, and affected by environmental effects, hence 63 the need to utilize techniques that target the whole genome (Hall et al., 2010) . The availability 64 of such an array of genomic resources has led to the reliable identification of Quantitative Trait 65 parameters describing the curve (latent traits) for independent association analysis (Li et al., 91 2014; Camargo et al., 2018) . 92 GWAS can also increase our knowledge on molecular processes controlling tracheid 93 traits. Such traits are to a large extent determined by the genes acting during wood development 94 (Mellerowicz et al., 2001; Plomion et al., 2001) . Tracheid traits can also be regulated non-cell-95 autonomously by processes that take place in other organs and tissues. For example, the activity 96 of shoot apical meristem determines the availability of auxin in the cambium and developing 97 wood (Masuda, 1990; Farquharson, 2008) , whereas the photosynthetic activity in the needles 98 influences the availability of sucrose for wood biosynthesis (Wegrzyn et al., 2010) . Therefore, 99 combining the knowledge of candidate genes with their expression analysis will give more 100 insights to the biological processes shaping tracheids. 101
The major goal of this study was to identify causative allelic effects of genomic regions 102 contributing to wood tracheid traits using LD mapping on exome sequence capture data. Due 103 to the large size of the Norway spruce genome (20 Gb) and its highly repetitive nature, it 104 presents a challenge to use whole genome re-sequencing approaches for the development of 105 molecular markers. Approaches aimed at reducing these genome complexities, especially by 106 either eliminating or drastically reducing the repetitive sequences have been developed (Buell 107 et al., 2014) . These approaches are referred to as reduced representation approaches as there definition , established for use in different types of studies, such as 141 (Kostiainen et al., 2009; Franceschini et al., 2012; Fries et al., 2014) . Averages for all rings and 142 their compartments were calculated for the traits and organised to be ready for use in continued 143 genetic evaluations, such as the work on solid wood traits (Chen et al., 2014) , on tracheid traits 144 (Chen et al., 2016) and by (Baison et al., 2019) . The traits addressed in the current work are 145 listed in Table 1 . 146
For MFA, central peak regression mathematical functions were fitted to describe the 147 MFA variation from juvenile towards mature wood, using procedures presented by 148 (Hayatgheibi et al., 2018) , including also pre-processing of the data for removal of outliers. A 149 threshold value of MFA 20 for the fitted curves was chosen to define the age when a limit of 150 an inner core of wood with inferior timber properties occurred, the transition age MFATA. The 151 averages of MFA for wood inside and outside this limit were calculated, MFACORE and 152 MFAOUTER. This provided 3 latent traits for MFA. In brief, estimated breeding values (EBV) were computed for each annual ring by 165 cambial age to reduce site and block effects (see Chen et al 2014) . In a second step, linear 166 splines were applied to reconstruct time trajectories based on by annual ring EBV. Multiple 167 knots, or latent traits, were then fitted to the EBV describing the shape of the time trajectories 168 (Fig 1) . 169 170
Candidate gene mining 171
To assess putative functionality of SNPs with significant associations, gene ontology and 172 network analysis of putative genes and their associated orthologs was performed against the 173 
Trait trajectories 184
In order to visualize the nature of the trait variation over the successive years of wood 185 development, the raw data for the traits were plotted for 19 consecutive cambial ages (Fig 1) . 186
For traits with complex growth trajectories the application of functional mapping enables the 187 utilization of all the longitudinal data per trait, thus giving a well-informed analysis of temporal 188 trends (Li et al., 2014) . 189
The ring MFA initially decreased from an average across the trees of about 30 at the 190 pith and stabilized after reaching a cambial age of about 10 years at an average of 10-12 ( and coarseness related traits plotted against cambial age for individual trees. These individual 208 trajectories were then used to determine which latent trait to be applied in the association 209 mapping. 210 211
Genetic associations detected and modes of gene action 212
A total of 30 significant associations were detected across the 18 traits with fraction phenotypic 213 variances being explained (PVE) ranging between 0.01 to 3.79% (Table 2) , using an Stability 214 selection probability (SSP) minimum inclusion frequency of 0.52. Seven of the 30 marker trait 215 associations for which dominance and additive effects could be calculated were consistent with 216 partially to fully dominant effects (0.50 < |d/a| < 1.25). The remaining 23 markers were all 217 determined to have an additive (|d/a| < 0.50) modes of inheritance (Table 2 ). The relationships 218 between the genotypic classes of markers associated to a phenotype were consistent with these 219 patterns ( Fig. 2 ). All the significant SNPs were located within upstream regions with only two 220 SNPs (MA_10434903g0010_165836 and MA_11172g0010_12016) being within intron 221
variants. Three SNPs MA_10436040g0010_171180, MA_105586g0010_65505 and 222
MA_10426383g0010_135796 were significantly associated across and within several traits, 223 with all the modes of gene action being additive for the marker-trait interactions for the three 224 SNPs ( Table 2; value of the phenotype with that of the genotype. Upper and lower bounds of the box are the 25% (Q1) and 75% (Q3) quantile. Whiskers are Q1-231 1.5*Interquartile range (IQR) and Q3+1.5*IQR, therefore the outliers are values outside the range (Q1-1.5*IQR to Q3+1.5*IQ. Yellow, orange 232 and red colored boxplots indicate the genotypic classes per SNP. Alleles (0/1) for all the SNPs have been defined in Table 2 . 233 234 235 especially in needles and shoots in spruce ( Fig. 3) . OHPs have been reported to be contitutively 254 expressed and essential for photosynthesis in Arabidopsis, with mutants exhibiting severe 255 growth defects (Beck et al., 2017) . 256
Associations for radial tracheid widths were detected in earlywood and latewood. 257
TWrEW was associated with a single missense SNP (MA_10435070g0010_17636) explaining 258 3.16% of the PVE and occurred within gene encoding nuclear transcription factor Y subunit A-259 7 (NF-YA7) (Table S1 ). NF-Y is a multimer complex binding CCAAT box in the promoter 260 regions of many genes, and has multiple biological functions including growth regulation, cell 261 size regulation, and responses to abiotic stresses (Zanetti et al., 2017; Zhao et al., 2017) , 262
including nitrogen deficiency in Arabidopsis (Sorin et al., 2014) . The overexpression of the 263 NF-YAs has been shown to stimulate growth during low nitrogen and phosphorous availability 264 (Qu et al., 2015) . This gene is highly and ubiquitously expressed in shoots and buds of spruce, 265 indicating its important function in this species (Fig. 3) . SNPs are ranked as moderate to low impact variants ( Potri.006G088200 OHP1 4.8 5.9 6.8 7.7 8.7 8.7 6.7 7.6 7.9 7.6 6.3 5.9 8.7 8. High Potri.014G164800 OBE2 10.0 9.9 9.9 9.7 9.5 9.5 10.1 9.7 9.8 9.7 10.0 10.2 9.4 9.2 9.3 9.5 9.7 10.0 9.9 9.8 MA_885527g0010 Low SDG40 2.4 2.4 1.7 2.5 1.8 2.9 3.6 4.6 2.9 2.6 3.2 2.9 2.6 3. growth (Achard et al., 2008) . In spruce, the gene is highly expressed in developing stems (Fig.  285 3) and strongly upregulated in the cambium and radial expansion zone (Fig. 4 ) supporting its 286 role in situ in promoting the tracheid expansion. Since CBFs have already been identified as 287 convergence points for hormones required for the regulation of plant growth under cold stress, 288 these factors would warrant a detailed look in relation to their influence on wood tracheid 289 development, especially during the time when the water stress and cold stress can be common. 290
Gene MA_64438g0010 homologous to an Arabidopsis PHOSPHATIDYLINOSITOL BINDING 291 CLATHRIN ASSEMBLY PROTEIN 5B (PICALM5B), a member of ENTH/ANTH/VHS 292 superfamily (Table S1 ). The ENTH/ANTH/VHS superfamily is involved in clatrin assembly 293 at secretory vescicles and is essential for vescicle intracellular trafficking and thus, cell growth 294 and development (De Craene et al., 2012). The gene was observed expressed in developing 295 wood ( Fig. 4) , indicating its importance for tracheid development in spruce. Indeed, genes of 296 ENTH/ANTH/VHS family have been previously associated with secondary cell wall formation 297
in Populus (Porth et al., 2013) , and vescicle trafficking-related genes were seen upregulated 298 coinciding with radial expansion of developing wood cells in aspen . Such 299 genes are therefore expected to be associated with tracheid radial expansion in spruce. Another 300 gene associated with TWrLW was MA_950574g0010_7132, explaining a high PVE of 2.27%. 301
It is remotely similar to Arabidopsis CALCINEURIN-B-LIKE-INTERACTING 302
SERINE/THREONINE-PROTEIN KINASE 23 (CBLPK23) involved in regulation of HAK5-303 mediated high-affinity K + uptake in calcium-dependent manner in Arabidopsis roots (Ragel et 304 al., 2015) . The confidence of the spruce model was low, but the gene was found highly 305 expressed in developing shoots, buds and cones (Fig. 3) , and during primary and secondary 306 wall formation in developing spruce tracheids (Fig. 4) confirming that it was not a pseudogene. 307
A CALCINEURIN-B-LIKE gene was found to explain the largest phenotypic variance in cell 308 wall mannose content in white spruce (Beaulieu et al., 2011) . These observations make the 309 identified spruce CBLPK23 gene an interesting candidate for calcium-dependent regulation of 310 K + uptake in developing tracheids, thus likely regulating tracheid expansion, similar to vessel 311 element expansion, known to be dependent on K + transport (Langer et al., 2002) . Interestingly, 312 there was another gene candidate related to K + transport associated with tracheid radial width: 313 the splice variant MA_11172g0010_18275 explaining 0.01% PVE (Table 2 ). This gene is 314 homologous to Arabidopsis CYCLIC NUCLEOTIDE-GATED CHANNEL 17 (CNGC17) ( Table  315 S1). CNGCs are potassium channels involved in several plant physiological processes including 316 root development, pollen tube growth and plant disease resistance (Ma et al., 2009 ). They 317 regulate ion homeostasis within plants through the uptake of cations, which is essential for 318 plant growth and development (Kaplan et al., 2007) . Arabidopsis CNGC17 is localized in 319 plasmamembrane and promotes protoplast expansion by regulating cation uptake (Ladwig et 320 al., 2015) . Its spruce homolog exhibited specific expression during latewood formation in 321 August (Fig. 3) , supporting its a role in latewood tracheid development. 322
Three significant associations were identified for tangential tracheid width components 323 with an upstream variant MA_10436040g0010_61320 being detected across traits TWtTW and 324
TWtRing (Table 2) 
. This variant was detected on contig MA_10436040 with high inclusion 325
frequencies explaining relatively high percentages of the variance observed, 2.13% for TWtTW 326 and 3.79% for TWtRin ( Table 2 ). The associated gene -MA_10436040g0010 -is homologous 327 to stress-related eukaryotic initiation factor 4A-III (eIF4A-III) which also has a DEAD-box 328 ATP-dependent RNA helicase 2, and is involved in RNA processing and nonsense-mediated 329 mRNA decay in Arabidopsis, especially under hypoxia and heat stress (Table S1) Table 2 ). The Arabidopsis homolog encodes 333 a subunit C of a vacuolar ATP synthase, which is a membrane-bound enzyme complex/ion 334 transporter that combines ATP synthesis and/or hydrolysis with the transport of protons across 335 the tonoplast membrane. This gene was highly and ubiquitously expressed ( Fig. 3 ; NorWood: 336 http://norwood.congenie.org/norwood-v1.0/; Jokipii-Lukkari et al., 2017). All three SNPs were 337 consistent with an additive mode of gene action (Table 2) . 338
Twelve associations were detected for wall thickness components, with low to moderate 339 H 2 QTL ranging from 0.01 to 1.78% ( Table 2) . Two of these associations (SNP 340
MA_105586g0010_7132 and MA_10426383g0010_7358) were shared across cell wall 341 thickness and coarseness traits. 342
Ring average for cell Wall Thickness (WTRing) had three significant associations. The 343 synonymous SNP MA_492000g0010_1672 had a high inclusion frequency (0.726) and 344 explained the highest percentage of PVE (1.78%). The same SNP was associated with WTEW. 345
The gene MA_492000g0010 is homologous to a tRNA synthetase beta subunit family protein, 346 phenylalanyl-tRNA synthetase beta chain (Table S1 ). Consistent with its predicted general 347 metabolic function in protein biosynthesis, it is highly and ubiquitously expressed in spruce 348 tissues (Fig. 3) in the developing xylem ( Fig. 3; Nystedt et al., 2013) with a peak of expression in the cambial 359 zone (Fig. 6) , coinciding with a peak of IAA distribution in wood forming tissues (Sundberg, 360 2000; Tuominen et al., 2000; Hellgren, 2003) . It is therefore likely that PabBG2 gene pays a 361 major role in xylogenesis, as suggested by its association with tracheid cell wall thickness, and 362 that it should be considered as main target for woody biomass increase. Moreover, the SNP 363
MA_138164g0010_78937 explaining PVE 1.25% associated with WTRing was located on a 364 gene homologous to the subunit of E3 ubiquitin complex encoded by AtAPC1 and involved in 365 cell cycle regulation by degradation of cyclin B1 (Guo et al., 2018) . The E3 ubiquitin complex 366 is also known in Arabidopsis to regulate auxin homeostasis (Gray et al., 1999; Kepinski & 367 Leyser, 2004; Azpeitia & Alvarez-Buylla, 2012). Hence, the detection of two significant 368 associations for WTRing that are potentially related to auxin regulation implies a close relation 369 between auxin and cell wall thickness in spruce. A QTL in rice grain for width and weight, 370
which are related to plant biomass, has been associated with a RING-type E3 ubiquitin ligase 371 (Song et al., 2007) . Several auxin responsive genes were also associated with tracheid width 372 and MFA, which both are linked to cell wall thickness, in white spruce (Beaulieu et al., 2011) . 373 WTEW has three significant associations beside MA_492000g0010_103329 discussed 374 above ( Table 2) . The missense variant MA_80033g0010_51296 was within a gene encoding a 375 MYB transcription factor similar to Arabidopsis MYB68 (Table S1 ). This gene exhibited very 376 low expression levels in the developing xylem but rather was expressed in young shoots and 377 needles (Fig. 3) . Different MYB transcription factors regulate plant developmental processes, 378
and several have been identified as crucial factors for secondary wall deposition and 379 lignification. Loblolly pine (Pinus teada L.) PtMYB8 expressed in spruce induced secondary 380 cell wall thickening (Bomal et al., 2008) . White spruce (P. glauca L.) PgMYB4 was associated 381 with cell wall thickness and tracheid coarseness (Beaulieu et al., 2011) , and has been shown to 382 highly expressed during secondary cell wall formation and lignification in both white spruce 383 and loblolly pine (Bedon et al., 2007) . MYB encoded by MA_80033g0010 could play a more 384 indirect role in secondary wall regulation in spruce considering its expression ( Fig. 3) . Two 385 remaining SNPs MA_17843g0010_19482 and MA_105586g0010_7132, had PVEs of 0.01% 386 and 0.10%, respectively ( Table 2) . The former was a missense variant within a gene 387 homologous to Arabidopsis TOC64-V. The latter was not matching any known gene and was 388 also associated with CEW and explaining a moderate percentage of PVE 2.08%. However, the 389 two models were not expressed in any of the investigated organs ( Fig. 3) suggesting that they 390 may be the pseudogenes. 391
WTLW was associated with four upstream variants and a single synonymous SNP 392
MA_10426383g0010_7358. The four upstream variants explained PVE ranging from 0.01 to 393 0.10% whereas the synonymous SNP MA_10426383g0010_7358 having a high inclusion 394
frequency explained a moderate amount of the PVE 1.57% (Table 2) . MA_10426383g0010 is 395 homologous to VIT_16s0098g01810 from Vitis vinifera (Table S1 ) annotated as encoding ATP 396 binding protein that may be involved in chromosome organization and biogenesis (Davies & 397 Coleman, 2000) . Arabidopsis homolog -GAMMA-IRRADIATION AND MITOMYCIN C 398 INDUCED 1 (GMI1) is responsible for double strand repair via somatic homologous 399 recombination (Böhmdorfer et al., 2011) . The spruce gene shows increased expression in 400 organs with active meristems (Fig. 3) , which is expected for the function in DNA repair. The 401 same SNP MA_10426383g0010_7358 was also associated to traits related to coarseness (CTW 402 and CLW) and explained a relatively high PVE 3.25% and 1.40%, respectively. It also had high 403 inclusion frequencies for all three traits (WTLW, CTW and CLW) ( Table 2 ). The associated gene 404 might therefore be a good candidate to explore for effects on tracheid development, especially 405 since it is highly expressed in the developing wood ( Fig. 3 ; Nystedt et al., 2013) . SNP MA_5g0010 is not expressed in the developing wood but it is highly expressed in young 411 vegetative shoots and needles, including the infected needles (Fig. 3) , making it unlikely 412 candidate for lignin biosynthesis gene in developing wood but suggesting a rather indirect 413 function in regulation of tracheid cell wall thickness. The SNP MA_9125g0010_34791 414 associated with WTLW was located upstream of a gene homologous to Arabidopsis OBERON2 415 (OBE2) encoding a plant homeodomain (PHD) finger protein (Table S1 ) (Lee et al., 2009) . 416
Homeodomain genes encode transcription factors central in the regulation of plant 417 developmental processes (Chew et al., 2013) . OBE1 and OBE2 redundanlty regulate meristem 418 establishment and maintenance in Arabidopsis (Saiga et al., 2008) . The spruce OBE2 gene is 419 highly and ubiquitously expressed in vegetative and reproductive organs (Fig. 3) including 420 developing wood where it shows high expression during secondary wall deposition ( Fig. 4) high expression in the cambium coinciding with a peak of IAA distribution, whereas 441 MA_950574g0010 (CIPK23) and MA_9125g0010 (OBE2) have broad expression pattern with 442 high levels observed during primary and secondary wall formation. 443 444 A total of five significant associations were identified for coarseness traits explaining 445 moderate to high H 2 QTL ranging from 0.78 to 3.62% ( Table 2) . Three of them concerning SNP 446
MA_105586g0010_7132 and MA_10426383g0010_7358 were also associated with WTEW and 447 explained a relatively high percentage of PVE 3.62% and was consistent with a partial to fully 449 dominant mode of gene action (Table 2) as shown by the genotypic effects (Fig 2) . The gene is 450 similar to POPTR_0005s15330g from Populus trichocarpa annotated as a wall-associated 451 receptor kinase (WAK). WAKs have been previously reported to be associated with average 452 ring width and the proportion of earlywood in white spruce (Beaulieu et al., 2011) and with 453 MFA in Populus (Porth et al., 2013) . The gene is expressed primarily in early season needles 454 and late season stem from vegetative shoots but there is no detectable expression in developing 455 xylem ( Fig. 3; Nystedt et al., 2013 ), suggesting its indirect involvement regulation of in tracheid 456
coarseness. 457
This work presents the first genome wide dissection of wood tracheid traits in Norway 458 spruce. A total of 30 significant associations were detected for all investigated traits. These 459 associations have identified a set of genes that could be exploited to alter wood tracheid traits 460 for improving solid wood properties for its use in industrial processes. Previous studies utilizing 461 a LASSO penalized analysis approach were limited in the nature and number of molecular 2016; Lamara et al., 2016) . It can be argued that many of the alleles causing variation for 468 polygenic traits may be either rare or have small effects and current GWAS methods lack the 469 power to detect them, thus the small number of significant associations (Thornton et al., 2013; 470 De La Torre et al., 2019). The small number of associations being reported could also be largely 471 due to the small sample sizes in these studies for such complex traits. The statistical power 472 required to detect associations between molecular markers and a trait is heavily dependent upon 473 the sample size (Visscher et al., 2017; Müller et al., 2018) . Due to the challenges of developing 474 large populations for GWAS in conifers, the majority of the studies utilize a few hundred 475 individuals from natural populations, which limit the statistical power for GWAS. Potential 
